The lliztion of enzymes involved in the flow of carbon into and out of starch was determined in guard cells of Commelina communis. The guard cell chloroplasts were separated from the rest of the cellular components by a modification of published microfuge methods. The enzymes of interest were then assayed in the supernatant and chloroplast fractions. The chloroplast yield averaged 75% with 10% cytoplasmic contamination. The enzymes involved in starch biosynthesis, ADPglucose pyrophosphorylase, starch synthase, and branching enzyme, are located exclusively in the chloroplast fraction. The enzymes involved in starch degradation show a more complex distribution. Phosphorylase is located in both the supernatant and chloroplast fraction, 50% in each fraction.
leaves. The sucrose is either degraded in the apoplast or in the cytoplasm of the storage cell. Sucrose, or its degradation products, can be further metabolized to the triose-P or 3-PGA level. These compounds may then move into the amyloplast via the triose-P/Pi translocator and are converted into starch. However, at present, the presence of the triose-P/Pi translocator in amyloplasts has not been demonstrated. Assuming that the triose-P/ Pi translocator is present, the movement of carbon into starch would be a reversal of the enzymic steps occurring in the cytoplasm with the last several steps resulting in the direct incorporation of carbon into starch. The above process will be reversed with starch degradation occurring and the products moving into the cytoplasm presumably via the triose-P/Pi translocator. Triose-P and 3-PGA are then further metabolized, as needed, in the cytoplasm.
Using the amyloplast system as a model for guard cells, it was of interest to determine the enzyme activity of the starch biosynthetic and degradative pathways and their localization. A chloroplast and cytoplasmic (supernatant) fraction were obtained from guard cell protoplasts using a microfuge technique. Enzymes involved in the flow of carbon into and out of starch were then assayed in the two fractions.
One ofthe consequences ofstomatal opening is the breakdown of starch during the day into malate and citrate, for use as an osmoticum. In the late afternoon or evening starch is resynthesized. This is the reverse of the situation in mesophyll cells. At the present time there is no evidence as to the source of carbon for the resynthesis of starch due to the lack of Rubisco4 activity (22) and the malate formed during opening is not converted back into starch (19 The guard cell protoplasts were harvested by passing them through 20 ,um nylon mesh followed by centrifugation at 200g for 100 min. The supernatant was discarded and the pellet resuspended in 2 ml of 0.4 M mannitol with 0.5 mm CaCl2. This was layered on a 6 ml discontinuous 22/67/90% Percoll gradient (5) and centrifuged for 5 min at 400g. The guard cell protoplasts were recovered from the 22/67% interface and rinsed with 0.4 mannitol, 10 (27, 29) . The phosphorylase assay (18) was converted to a two-step fluorometric assay (14) because ofthe low activity ofthe enzyme. In the first step of the reaction, Glc 1-P was formed while in the second step the concentration of Glc 1-P was determined. The first step was incubated at 37C for 15 min. The second step went to completion at room temperature. Phosphoglucomutase was assayed spectrophotometrically (3) .
Assays of Glycolytic Enzymes. Aldolase was assayed spectrophotometrically over a 10 min period (10) . Fructose bisphosphatase was assayed in two ways, fluorometrically and radioactively, using a modification of Kelly et al. (12) . The fluorometric assay was converted to a two-step reaction. In the first step Fru 6-P was formed while in the second step the Fru 6-P concentration was fluorometrically determined. The radioactive assay used ['4C]Fru-1,6-bisP. After 10 min at room temperature the products of the reaction were determined using descending paper chromatography in ethanol: 1 M ammonium acetate (5:2, pH 3.8) solvent system and rechromatographed in butanol: propanol:acetone:80% formic acid:30% TCA (40:20:25:25:1.5) with 0.5 g of EDTA (100 ml solvent)-'. The location of the standards were determined (1) . The location of the radioactivity was determined by counting 1 cm sections in a toluene based cocktail. PEP carboxylase was determined using a modification of Bahr and Jensen's (2) Rubisco assay. The reaction mixture contained 1 gmol of PEP in place of RuBP and the reaction was terminated after 10 min at room temperature. PFK was assayed spectrophotometrically (4, 11) with 25 gmol of Pi (pH 7.5) included when the cytoplasmic isozyme was assayed. Phosphoglucose isomerase was assayed spectrophotometrically ( 17) . PFP was assayed as described previously (13) . Glyceraldehyde 3-P dehydrogenase was assayed spectrophotometrically (8) as was triose-P isomerase (28) .
Production of/4JFru-1,6-BisP. The (22) . The chloroplast yield is the percentage ofthe ADPGlc pyrophosphorylase activity present in the chloroplast fraction. The cytoplasmic contamination is the percent of PEP carboxylase activity present in the chloroplast fraction. The microfuge method described above resulted in 74% chloroplast yield (n = 48; SD = 6.2) and 10% cytoplasmic contamination (n = 36; SD = 3.6) ofthe chloroplast fraction.
Starch Biosynthetic Pathway. Results. The enzymes involved in the conversion of Glc 6-P to triose-P, and 3-PGA in the cytoplasm were assayed (Table I ) and found to be present in the cytoplasm. PFK and PFP catalyze the conversion of Fru 6-P to Fru 1,6-bisP. The highest activities for PFP were obtained only in the presence of the activator, Fru 2,6-bisP. In the absence of Fru 2,6-bisP there was a 75% decrease in activity.
The triose-P/Pi translocator found in the chloroplast membrane of mesophyll cells exchanges triose-P or 3-PGA for phosphate into or out ofthe chloroplasts (7) . Presumably this translocator also functions in guard cells. Once the three-carbon units are inside the chloroplast they could be converted into starch by a partial reversal of the steps outlined above in the cytoplasm. The activity of the chloroplastic isozymes of NADH triose-P dehydrogenase, triose-P isomerase, and aldolase are lower than for their cytoplasmic isozymes. The conversion of Fm 1,6-bisP to Fru 6-P is catalyzed by fructose bisphosphatase. Fructose bisphosphatase was difficult to assay because of its low activity.
Two methods were used as assays. A two-step fluorometric assay monitoring the production of NADH and a radioactive assay.
When the radioactive assay was used the product of the reaction was shown to be Fru 6-P. The enzymes necessary for the conversion of Fru 6-P to Glc I-P, the substrate for ADPGlc pyrophosphorylase, were present in the chloroplast. (19) . The first enzyme assayed in the starch biosynthetic pathway therefore was phosphoglucose isomerase with Glc 6-P as the substrate. The enzymes necessary for the conversion of Glc 6-P to triose-P are present in the cytoplasm and the enzymatic control point is the conversion of Fru 6-P to Fru 1,6-bisP. Two enzymes catalyze this conversion and which is responsible for the in vivo activity is not known. It is possible that both enzymes are active in the cell with one more active under specific metabolic conditions than the other. Both of these enzymes are controlled by a number of effectors which are an indication of the energy status of the cell.
Once triose-P or 3-PGA are formed in the cytoplasm they presumably move into the chloroplast via the triose-P/Pi translocator, assuming that the triose-P/Pi translocator is present in guard cell chloroplast membranes and it functions as in mesophyll chloroplasts. This must be verified for guard cells. Experiments were attempted to determi:ne what compounds move into the chloroplast but they were unsuccessful (N Robinson, unpublished results). It was assumed initially that ADPGlc pyrophosphorylase would be the control point in the conversion of threecarbon units into starch within the chloroplast compartment. If this is true, ADPGlc pyrophosphorylase should have effectors and exhibit the lowest activity in the pathway. Robinson et al. (24) and Outlaw and Tarcznski (21) Table I is in the presence of 1mM 3-PGA, the activator. In the absence of 3-PGA, in guard cells, there is no activity. The activity in vivo will fluctuate from 0 to 42.81 nmol (min mg)-' depending on the ratio of to [Pi] and can still control flux through this portion ofthe pathway.
Starch synthase showed the lowest activity, 1.81 nmol (mg min)-', of all the enzymes in this portion of the pathway. Based on assumptions from Outlaw (19) Assaying the isozymes of fructose bisphosphatase was difficult due to their low activity. This enzyme was of particular interest because Hedrich et al (9) found no fructose bisphosphatase activity in guard cell chloroplasts of V. faba or the Argenteum mutant of Pisum sativum. They proposed that compounds produced by the cytosolic fructose bisphosphatase or substrates for PFK or PFP are transported into and out of the chloroplast rather than three-carbon units, and are then converted into starch. There is no evidence in mesophyll cells for a hexose-P translocator (7) . Fructose bisphosphatase activity is present in the chloroplast as indicated both by the fluorometric and radioactive assays. The observed activity was not due to aldolase because no ['4C]triose-P were found when ['4C]Fru 1,6-bisP was used. The activity was also not due to PFP because this enzyme is located exclusively in the guard cell cytoplasm. The fructose bisphosphatase and aldolase activity results reported here are approximately 10 nmol (mg min)-' for the chloroplast isozymes.
If fructose-1,-6-bisphosphatase and aldolase are the rate limiting step in starch synthesis, instead of starch synthase, it would take 3 h to convert a sufficient amount ofanhydroglucosyl equivalents into starch for one cycle of openin, and closing based on the same calculation used above. For comparison, the activity of ADPGlc pyrophosphorylase could be inhibited 80% and still not be rate limiting under these conditions. A time course of starch concentrations changes during stomatal opening and closing has not been done at the present time. These experiments would be difficult to do because of the inherent limitations of working with guard cells. The guard cells have the entire dark cycle in which to convert sufficient carbon into starch for the next cycle of opening and the fructose bisphosphatase and aldolase results are in this order of magnitude.
Another unanswered question is the source ofcarbon for starch biosynthesis because of the lack of Rubisco activity (22) and malate is not reconverted to starch at physiologically significant rates (19) . The most likely source is sucrose. Outlaw (19) has proposed that sucrose could be a cytoplasmic osmoticum. When the stomata begin to close the sucrose could be converted into starch. Even if sucrose is not the cytoplasmic osmoticum it is produced in the surrounding mesophyll and exported out of the cells to the phloem. Guard cells could then take the sucrose up from the apoplast.
The enzymes necessary for the production of triose-P and 3-PGA are present in the cytoplasm and the enzymes involved in the conversion ofthese three-carbon units into starch are present in the chloroplast. The enzymes directly involved with starch biosynthesis, ADPGlc pyrophosphorylase, starch synthase, and branching enzyme, are all localized exclusively within the guard cell chloroplast. The distribution results on the starch biosynthetic enzymes are similar to the results obtained by Okita et al. (18) for mesophyll cells.
Starch Degradation Pathway. Results. There are two possible pathways for the degradation of starch in vivo (Table I) . One pathway is hydrolytic involving amylases, R-enzyme, and hexokinase and the other is phosphorolytic involving phosphorylase, R-enzyme, and phosphoglucomutase. It is not known at the present time which pathway is dominant in most plants in vivo but both are probably functioning. R-enzyme was assayed and found to be present with most of the activity in the cytoplasm. The same situation was seen with amylase. Hexokinase is also necessary for the hydrolytic pathway. Two different sets of assay and chloroplast fraction with no success. The enzyme may be present in such low amounts that it was not possible to detect its activity by the assay used or optimal assay conditions were not used. Forty percent of the phosphorylase activity and approximately 25% of the phosphoglucomutase activity are present in the chloroplast.
The conversion of Glc 6-P to triose-P and 3-PGA for export from the chloroplast is a reversal of the starch biosynthetic pathway except for the conversion of Fru 6-P to Fru 1,6-bisP. This step is catalyzed by the chloroplast isozyme of PFK. Various assay conditions were tried but no PFK activity could be detected with the assay procedure used.
Discussion. The enzymes necessary for the phosphorolytic pathway are present in the chloroplast but there was no hexokinase activity which is necessary for the hydrolytic pathway. However, neither pathway can be ruled out at this time because it is possible that optimal assay conditions for hexokinase were not used. It may be possible to detect the enzyme activity with a fluorometric procedure which would increase the Insitivity 10 to 100 times over that of the spectrophotometric assay. Using the calculation presented earlier it is possible to determine how long it would take to degrade starch for one cycling of opening. If the phosphorolytic pathway is used and R-enzyme is not rate limiting, it wouid take about 40 min to degrade sufficient starch for one cycle of opening. If only the hydrolytic pathway is functioning it would take about 1.5 h to degrade sufficient starch. If both pathways are functioning time is reduced to 30 min. Before determining starch levels, Outlaw and Manchester (20) allowed 1.5 h to elapse from fully closed to fully open stomata. The above calculations are consistent with this time period. The time required for stomatal opening varies depending on environmental conditions. In general, stomatal opening and therefore starch degradation occur within a few hours. A time course, under specified environmental conditions, of starch degradation has not been done at the present time. Probably both degradation pathways function in vivo, but which dominates is not clear at the present time, in either mesophyll or guard cells. Which pathway dominates may well depend on the plant material investigated. In pea mesophyll chloroplasts, the dominant pathway is phosphorolytic (27) but in spinach mesophyll chloroplasts both pathways function (18) as evidenced by the enzymes present.
The other problem in the degradation pathway is the absence of the chloroplast isozyme of PFK. Kelly and Latzko ( 11) were unable to assay the chloroplast form of PFK in a crude mesophyll mixture. They were only able to detect activity of the chloroplast isozyme after ammonium sulfate precipitation. These experiments were not conducted with guard cell extracts because of the limited material. Hedrich et al. (9) did detect activity of the chloroplastic PFK in both V. faba and Argenteum pea.
The distribution of the enzymes directly involved in starch degradation are more complex than for the starch biosynthetic enzymes. The degradative enzymes are present in both cellular compartments but more of the activity is in the cytoplasm than chloroplast. Okita et al. (18) found this same distribution pattern in spinach mesophyll cells. Why these enzymes are present in the cytoplasm of mesophyll and guard cells is not understood. One possibility is in the regulation of the starch degradative enzymes. Thus far (23) , no strong evidence has been found for the regulation of amylase, by effectors, in various mesophyll tissues, suggesting the possibility ofa 'futile cycle' ofsimultaneous degradation and synthesis of starch. Since starch is localized in the chloroplast the degradation rate could be controlled by the quantity ofphosphorylase and amylase present in the chloroplast. The control point would then be entry of the enzymes into the chloroplast. (Table I ). The enzymes of the starch biosynthetic pathway are present in the appropriate compartments with sufficient activities to account for starch synthesis. The starch degradative pathway is more complex because there are two possible pathways, hydrolytic and phosphorolytic. Also, no activity could be detected for the chloroplast isozymes ofhexokinase or PFK in C. communis.
Because of the difficulty in assaying PFK, in the chloroplast, and since Hedrich et al. (9) reported lack of activity of the chloroplast isozyme of fructose bisphosphatase, their suggestion made earlier that compounds produced by the cytoplasmic fructose bisphosphatase or substrates for PFK or PFP are transported into and out of the chloroplast rather than three-carbon units is of interest. Presumably, sucrose, if it is the source of carbon for starch biosynthesis, would be degraded in the cytoplasm to substrates ofPFK or PFP, enter the chloroplast, and be converted into starch. When the starch is degraded to the level of Fru 6-P it could be exported out of the chloroplast. This sequence of events would eliminate the problems with both the lack of the chloroplast isozyme ofPFK reported here and the lack offructose bisphosphatase reported by Hedrich et al. (9) . Unfortunately, there is no evidence for his kind of shuttle in mesophyll chloroplasts.
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